Recognition and quantitative characterization of subsurface stratigraphic units in coarse unconsolidated fl uvial deposits are diffi cult because large grain size and the large scale of sedimentary structures make direct interpretation from core diffi cult or impossible. In this paper, we use porosity data from well logs and grain-size distribution (GSD) data from core to investigate four pebble-and cobble-dominated units that have been identifi ed in porosity logs in deposits at a research well fi eld (Boise Hydrogeophysical Research Site). Lacking direct observation at an appropriate scale, questions about distribution of parameters and textural composition in these units are analyzed with statistical tests. The four pebble-and cobble-dominated "porosity stratigraphic" units may be grouped into two types: (1) Units 1 and 3 have low porosity (mean ~0.17-0.18) and low porosity variance; and (2) Units 2 and 4 have higher porosity (mean ~ 0.23-0.24) and higher porosity variance. Based on GSD data, core samples are subdivided into fi ve lithotypes. The fi ve lithotypes occur in different proportions and have different vertical transition probability characteristics in the two types of units: (1) Units 1 and 3 have only frameworkgravel-dominated lithotypes and have random vertical transition probability between these two lithotypes; and (2) Units 2 and 4 consist of both framework-gravel-dominated and sand-or matrix-dominated lithotypes and have structured vertical transition probability. The two framework-gravel-dominated lithotypes occur in all four stratigraphic units but have distinctly lower porosity in Units 1 and 3 (i.e., tighter packing) than in Units 2 and 4 (looser packing). Considering the repeated stratigraphic occurrence of (and the statistical signifi cance of differences between) the two types of units, both the individual unit distinctions and the two unit groupings appear to be valid. It is reasonable to interpret that the observed packing differences associated with Units 1 and 3 compared with Units 2 and 4 are related to different sedimentary processes that produce different bedforms or grain fabrics, perhaps under different bedload transport rates.
INTRODUCTION
Consider the problem of recognition and quantitative characterization of subsurface units in coarse unconsolidated fl uvial deposits such as pebble-or cobble-dominated braided-stream deposits. These deposits are common in proglacial fl uvial settings, have three-dimensional (3D) heterogeneous distributions of facies and hydrogeologic properties, and are diffi cult to characterize from conventional drilling or augering methods. In fl uvial sedimentary deposits, hydrogeologic parameters such as permeability and porosity commonly are more closely correlated with facies types or mappable units than with the sedimentary deposits as a whole (Miall, 1988; Anderson, 1989 Anderson, , 1997 Davis et al., 1993 Davis et al., , 1997 Fogg et al., 1998) . So, recognition of facies and determination of their 3D distributions are important for many hydrogeologic applications such as development of accurate groundwater fl ow and contaminant transport models and design of effi cient groundwater remediation systems.
Understanding of the geometry, distribution, sedimentary meaning, and physical and hydrogeologic properties of facies in coarse braided-stream deposits has been advanced by observation (Miall, 1977; Bluck, 1979; Nemec and Steel, 1984; Smith, 1985; Thomas et al., 1985; Siegenthaler and Huggenberger, 1993; Klingbiel et al., 1999; Heinz, 2001) , by experimental and modeling studies (Bridge, 1981; Reid and Frostick, 1984; Carling and Glaister, 1987; Ashmore, 1988; Todd, 1989; Wilcock and Southard, 1989; Ashworth et al., 1992; Komar and Shih, 1992; Webb and Anderson, 1996) , and by combining detailed 2D and 3D mapping of outcrops and quarries with geophysical imaging using ground-penetrating radar (GPR) Huggenberger et al., 1994; Beres et al., 1995 Beres et al., , 1999 Asprion and Aigner, 1997; Tronicke et al., 2002) . In particular, Jussel et al. (1994) conducted a detailed study of these deposits with physical and hydrologic parameter values tied to lithofacies mapped in quarries.
Subsurface investigations in coarse braidedstream deposits usually rely on drill or auger samples that may be supplemented with borehole geophysical logs (e.g., Poeter and Gaylord, 1990; Regli et al., 2002) . Regardless, identifi cation of facies or sedimentary features from subsurface samples of these deposits is diffi cult because of inherent problems with sample recovery from augering or drilling due to mixing and grinding of grains and also from coring due to truncation and breakage of large grains. Then, with a given sample, recognition of facies is diffi cult because the lateral scale of sedimentary structures is considerably greater than that of a core barrel. Such is the case at the Boise Hydrogeophysical Research Site (BHRS) (Fig. 1) , a research well fi eld emplaced in unconsolidated pebble-and cobble-dominated fl uvial deposits (Barrash and Knoll, 1998) .
Our goal in this paper is to contribute to the understanding of these deposits in the subsurface by using borehole data (porosity derived from neutron logs and grain-size distribution [GSD] data from core samples) to answer two basic questions: (1) can subsurface coarse fl uvial deposits be subdivided into units based on porosity logs and/or GSD data; and (2) if so, how does texture vary within and between the units? Lacking direct observation, relevant questions about the distribution of parameters and textural composition are examined with statistical tests. First we examine porosity data, next GSD data, and then porosity and GSD data together. Results taken as a whole are consistent with the recognition of two types of pebble-and cobble-dominated porosity stratigraphic units, and they constrain the sedimentary interpretation of these units.
HYDROGEOLOGIC SETTING
Data for this investigation are taken from wells at the BHRS, which is located on a gravel bar adjacent to the Boise River 15 km from downtown Boise, Idaho (Fig. 1) . The BHRS is just upstream from the mouth of a canyon where the Boise River leaves its high-relief headwater catchment and enters the western Snake River Plain. Deposits at this site are the youngest in a series of Pleistocene to Holocene coarse braided-stream deposits that mantle a sequence of successively older and higher terraces (Othberg and Stanford, 1992; Othberg, 1994) . Core and GPR refl ection surveys at the BHRS support the interpretation of coarse, unconsolidated and unaltered, fl uvial deposits underlain by a red clay (Barrash and Knoll, 1998; Peretti et al., 1999; Reboulet and Barrash, 1999) . Outcrop and quarry exposures (Fig. 2 ) in similar deposits in the Boise area show features that also have been identifi ed in well-studied deposits (noted above) including: massive coarse-gravel sheets; sheets with weak subhorizontal layering and with planar-and trough-cross-bedded coarse-gravel facies; and sand channels, lenses, and drapes.
STRATIGRAPHY
Several lines of evidence suggest that the coarse fl uvial deposits at the BHRS (~18-21 m thick) may be subdivided into a vertical sequence of laterally traceable units in the central portion of the site where data density is greatest (Fig. 1) . In this section, we fi rst present the basis for subdividing the deposits into units, and then we statistically evaluate a series of hypotheses to test if porosity-log data support the observational stratigraphic interpretations. In this process we consider evidence both for distinguishing between the units in stratigraphic (vertical) succession and for recognizing if vertically nonadjacent units may be similar in the sense of a repeated type of stratigraphic unit.
Proposed Stratigraphy in the Central Portion of the BHRS
A number of recent studies (e.g., Hyndman et al., 1994; McKenna and Poeter, 1995; Hubbard et al., 1999) have demonstrated that shallow subsurface sedimentary deposits, including coarse braided-stream deposits similar to those in the Boise Valley (e.g., Huggenberger et al., 1994; Asprion and Aigner, 1997; Beres et al., 1999) , may be subdivided into facies or units using a combination of geologic and geophysical information. In a similar manner, the subsurface coarse fl uvial deposits at the BHRS have been subdivided into fi ve units: four pebbleand cobble-dominated units (Units 1-4), and a channel sand unit (Unit 5), which cuts into the uppermost pebble-and cobble-dominated unit (Barrash and Clemo, 2002) . Figure 3 gives examples of the evidence from porosity logs, seismic velocity profi les, and GPR refl ection imagery for subdividing the pebble-and cobbledominated portion of the section at the BHRS into four units.
Porosity logs are derived from neutron welllog measurements at 0.06-m-depth increments below the water table using the following petrophysical transform (Hearst and Nelson, 1985; Rider, 1996) :
where N is the count rate for a given measurement, A and B are count rates for known or estimated porosity values, and φ is porosity.
Figures 3A and 3B are cross sections of porosity logs through the central part of the BHRS. In the pebble-and cobble-dominated portion of the stratigraphic section, unit contacts are located at changes from relatively low porosity sediments (i.e., Units 1 and 3; Fig. 4 ) to relatively higher and more-variable porosity sediments (i.e., Units 2 and 4; Fig. 4 ). Figure 3C shows an example vertical seismic velocity profi le; changes in SH-wave velocity (i.e., changes in slope) occur at the bounding surfaces shown in the porosity-log cross sections (Fig. 3A) . Figure 3D shows an unmigrated GPR refl ection profi le near wells used in the porosity-log profi le of Figure 3B . In Figure 3D , strong refl ectors and changes in refl ection character occur at bounding surfaces such as between pebble-and cobbledominated Units 2 and 3, and between Units 3 and 4 (note that radar refl ector strength decreases to noise level above the base of Unit 2). 
Porosity Differences between Vertically Adjacent Units
Porosity statistics and geostatistics provide information that may be used to test the validity of the unit selections at the BHRS. Use of porosity and/or permeability population statistics and geostatistics as evidence for differences between subsurface sedimentary units is supported by recent studies where direct observation provides a priori evidence of facies association (e.g., Atkins and McBride, 1992) , and where parameter populations from measurements in adjacent facies are distinct (e.g., Goggin et al., 1988; Davis et al., 1993 Davis et al., , 1997 , including studies in coarse fl uvial deposits similar to those at the BHRS ( Fig. 4F ; Jussel, 1989; Jussel et al., 1994) .
Vertical Geostatistics
Using the unit subdivisions presented above and porosity-log data, Barrash and Clemo (2002) modeled porosity geostatistics in the vertical direction for the four pebble-and cobble-dominated units at the BHRS. It is evident by inspection (Fig. 5) , and by multivariate statistical analysis using Hotelling's T 2 test to compare model parameters (e.g., Woodbury and Sudicky, 1991; Johnson and Wichern, 1998) , that geostatistical model structures for vertically adjacent units are distinctly different and that the differences exceed the experimental error in the data (Table 3 in Barrash and Clemo, 2002) .
Porosity Probability Density Functions
Differences between vertically adjacent units also appear evident from their porosity probability density functions (PDFs) ( Fig. 4 ; Table 1 ). The differences in porosity means between vertically adjacent pebble-and cobble-dominated units are ~0.06-0.07 (absolute), or ~20%-25% of the range of porosity in pebble-and cobbledominated Units 1-4. Similar absolute differences in porosity between facies have been documented in fl uvial sands (Atkins and McBride, 1992) and in similar deposits in the upper Rhine Valley ( Fig. 4F ; Jussel, 1989; Jussel et al., 1994; Heinz, 2001) . However, as indicated by the geostatistics, the PDFs include spatially correlated data. To test for the signifi cance of apparent porosity population differences between units, we ran ANOVA on spatially uncorrelated porosity-log data from 14 wells at the BHRS (the 13 central area wells and well X4, which is close to the central area, see Fig. 1 ).
Spatially uncorrelated data sets were generated by dividing the full porosity data set into 16 subsets of data points separated vertically by ~1 m (3.2 ft) each, or the range of vertical spatial correlation indicated by vertical semivariograms (Fig. 5) . The 16 subpopulations have statistically similar distributions overall based on comparisons of fi ve random pairs of subpopulations with the Kolmogorov-Smirnov test at the 95% confidence level (Table DR1) . 1 Means and variances are quite similar for both the parent population with spatially correlated data (Table 1A ) and the subpopulations with spatially uncorrelated data (Table 1B) .
After addressing possible concerns about correlated data in the porosity data population, the stratigraphic question may then be posed as the null hypothesis that there is no difference between the means of porosity-log values between porosity units, or:
where µ i is a population mean, and i = 1,…5 are proposed porosity stratigraphic units. In this ANOVA, Type III sums of squares are calculated because group sizes are uneven (e.g., Helsel and Hirsch, 1993) . Results (Table 2A) indicate that the null hypothesis is rejected at the 95% level (i.e., at least one unit has a mean porosity value different from the others) for all 16 subpopulations. Follow-up or post-hoc paired-comparison tests to determine which unit pairs have statistically signifi cant differences in means (e.g., Miller, 1966; Lindman, 1992) indicate that porosity means are different for all pairs of vertically adjacent units at the 95% level for all 16 subpopulations (Table 2B ).
Here we note that, in addition to statistical differences in porosity, the channel sand (Unit 5) is easily distinguished from the pebble-and cobble-dominated portion of the section based on core and on 2D and 3D radar refl ection imagery ( Fig. 3D ; see Figs. 4-5 in Peretti et al., 1999) . Because the pebble-and cobble-dominated Note: Results using all porosity-log data are shown here; similar results are obtained with ANOVA on each of the 16 subpopulations (see Table 1B ). SS-sum of squares; df-degrees of freedom; MS-mean square; F-MS(unit)/MS(error). deposits constitute the large majority of the section, and because differences within the pebbleand cobble-dominated deposits are considerably more subtle, we focus on investigating characteristics of the pebble-and cobble-dominated deposits in the remainder of this paper and do not consider Unit 5 further.
Porosity Similarity of Vertically Nonadjacent Units 1 and 3 and Units 2 and 4
Although several lines of evidence indicate that all vertically adjacent porosity units may be distinguished from each other, similarity in PDFs of Units 1 and 3 and of Units 2 and 4 (Fig. 4) begs the question of whether some vertically nonadjacent units may be similar types of deposits in the sense of repeated units or facies, as are common in coarse braided-stream and other types of sedimentary deposits. This question cannot be answered defi nitively in the subsurface with porosity data alone, but information relevant to the question is contained in post-hoc paired-comparison test results and in vertical geostatistical data.
Post-hoc paired-comparison tests (Table 2B ) indicate that the null hypothesis of equal means cannot be rejected at the 95% level for: (1) Units 1 and 3 for any of the 16 subpopulations, and (2) Units 2 and 4 for 15 of 16 of the subpopulations. Also, geostatistical model fi ts for both Units 1 and 3 (Barrash and Clemo, 2002) are almost entirely contained within the ~2 σ jackknife confi dence intervals (Shafer and Varljen, 1990) for the respective experimental vertical semivariograms of these two units (Fig. 6) . However, it is evident from inspection that vertical geostatistics for Unit 2 and Unit 4 are quite different in sills and models (Fig. 5) . That is, Units 1 and 3 have similar porosity means and similar vertical porosity geostatistics; Units 2 and 4 have similar porosity means but dissimilar vertical porosity geostatistics.
TEXTURAL COMPOSITION OF PEBBLE-AND COBBLE-DOMINATED UNITS
In this part of the paper, we analyze data from core to determine textural composition variation in the pebble-and cobble-dominated units (Units 1-4) in the central portion of the BHRS. GSD data are analyzed fi rst and samples are divided into fi ve lithotypes. Then the thickness proportions and vertical successions of these lithotypes are examined statistically for the four pebble-and cobble-dominated units.
Core Collection
All 18 wells at the BHRS were cored and drilled in the same manner (Barrash and Knoll, 1998) . Core was collected in a split-spoon barrel (5.4 cm ID mouth; 0.61 m length). Average recovery in Units 1-4 with this method was 80% of length cored. Matrix (sand to fi ne pebbles) was collected with associated framework grains (medium pebbles to cobbles) throughout the deposits (e.g., Fig. 7 ). Framework grains larger than, or at the margin of, the core barrel were truncated and some large grains were broken during the coring process. This paper includes data from core below the water table in 12 wells at the BHRS (wells: A1, B1, B3, B4, B5, B6, C1, C2, C3, C5, C6, X4), which are located in an area of ~30 m × 20 m. 
Grain-Size Distribution (GSD) Analysis
For GSD analysis, core was separated into samples at 0.075-0.3 m intervals where changes in characteristics of large framework grains and/or interstitial matrix occurred (e.g., Fig. 7 ). Where no apparent lithologic changes occurred over lengths >0.3 m, the core was divided into two or more samples. GSD data for each sample are composites of separate sieve analyses for framework grains (three sieve classes ≥9.525 mm) and matrix (seven sieve classes between 9.525 mm and 0.0625 mm) (Reboulet, 2003) . We include grains up to 9.525 mm in the matrix category because grains up to fi ne pebble size accompany sands that occupy interstitial space between larger framework grains (cf. Smith, 1986; Todd, 1989; Shih and Komar, 1990; Jussel et al., 1994) . Fines, or grains <0.0625 mm, that are not artifi cially generated by the coring and drilling process are minimal in the core, and fi nes are minimal in outcrop and quarry exposures in the area (Reboulet, 2003) . Based on these and similar previous fi ndings , only grains >0.0625 mm are used in GSD analyses of BHRS samples (cf. Carling and Reader, 1982; Figs. 3.2 and 3.8 in Church et al., 1987; Lord and Kehew, 1987; Paola and Seal, 1995; Fig. 3.2 in Heinz, 2001 ).
Lithotypes from Grain-Size Distribution Data
The range of core sample GSDs was subdivided into fi ve lithotypes based on observation of GSD histograms ( Fig. 8 ; Reboulet and Barrash, 2000; Reboulet, 2003) . The fi ve lithotypes are: sand to fi ne pebble (S); medium-pebble-to cobble-size grains "fl oating" (e.g., Clarke, 1979) as isolated grains, largely surrounded by sand (F); bimodal or subequal sand-to fi ne pebble-size grains and medium-pebble-to cobble-size grains (B); "mixed" or subequal amounts of gravel sizes dominating as framework grains (M); and large gravels, and especially cobble-size grains, dominating as framework grains (C). These fi ve lithotypes can be defi ned using weight proportions of three groups of size fractions ( Fig. 9 ; Table DR2 , see footnote one): (1) 0.0625-9.525 mm; (2) 9.525-40 mm; and (3) >40 mm. Because some large grains were truncated or broken during the coring process, some bias toward lesser representation of larger grains is expected, especially in the >40 mm grain size grouping. This issue is discussed more fully in the section on Sample Representativeness.
Distribution of Lithotypes in Pebble-and Cobble-Dominated Porosity Units
The subdivision of core samples into lithotypes can be used as the basis for investigating textural composition similarities and differences in the pebble-and cobble-dominated porosity units by examining if the occurrence proportions and sequences of lithotypes are different in different units. We use χ 2 tests to examine: (1) the proportions (i.e., relative total thickness) of lithotypes in the porosity units; and (2) the randomness of upward transitions between the different lithotypes in the porosity units.
Proportions of Lithotypes in Pebble-and Cobble-Dominated Porosity Units
The question of whether lithotypes occur in different proportions in different units can be stated as the null hypothesis that there is no difference in total thickness of lithotypes between units, or (e.g., Huntsberger and Billingsley, 1974 ):
where i = 1,...4 (row, or pebble-and cobbledominated unit), j = 1,...5 (column or lithotype), p ij = probability of ith row and jth column, p i. = probability of ith row ignoring columns, p . j = probability of jth column ignoring rows. The χ 2 test compares the numbers of lithotype observations at fi xed intervals by unit (Table 3) with the expected numbers of such observations if there were no differences in thickness proportions of lithotypes between units (Table 3) . For this test, observations were taken at 0.075 m intervals vertically throughout the recovered core in Units 1-4, and lithotype was observed at each of these intervals. Based on these observations, thickness proportions by lithotype in the four pebble-and cobble-dominated units are: S = 0.8%; F = 3.0%; B = 4.5%; M = 34.8%; and C = 56.9%.
The χ 2 test was performed on lithotype data from: (1) all four pebble-and cobble-dominated units; (2) pairs of vertically adjacent units; (3) Units 1 and 3; and (4) Units 2 and 4. Results (Table 3) indicate that the null hypothesis of equal proportions of lithotypes in pebble-and cobble-dominated units at the BHRS is rejected at the 95% level for: (1) all four pebble-and cobble-dominated units; (2) all pairs of vertically adjacent units; and (3) Units 2 and 4. However, the null hypothesis of equal thickness proportions of lithotypes is accepted at the 95% level for Units 1 and 3, which consist of only the two framework-gravel-dominated lithotypes (Table 3) . That is, the distribution of lithotypes is consistent with (1) porosity stratigraphic unit distinctions; and (2) grouping of Units 1 and 3 together as similar. Test results do not identify Units 2 and 4 as similar at the 95% level, but we note that the χ 2 statistic is lower for Units 2 and 4 than for any of the pairs of vertically adjacent units (Table 3) .
Vertical Succession of Lithotypes in Pebbleand Cobble-Dominated Porosity Units
Transition probability-Markov chain analysis may be used to determine if vertical stratigraphic successions of repeated units, facies, or lithotypes occur at random or in a nonrandom structured pattern (e.g., Miall, 1973; Schwarzacher, 1975; Weissmann et al., 1999) . Embedded Markov chains are sequences of mutually exclusive states (e.g., lithotypes in this study) where transitions from a given state to itself are treated as unobservable and so are not included in the analysis. The probability that state B will follow, or overlie, state A is the probability that both will occur divided by the probability that state A occurs:
. (4) If the successive occurrences of states A and B are independent or random, then P(A,B) = P(A)P(B) and:
. (5) That is, for the random case, the probability that state B will follow state A is simply the probability that state B occurs in the section. If the occurrence of all states in the section are independent, the same relationship holds for all possible transitions.
To test the dependence, or independence, of vertical transitions from one lithotype to another at the BHRS, we use a χ 2 test comparing the transition probability matrix with the same proportions of lithotypes in which successive states are random (e.g., Goodman, 1968; Davis, 1986; Carle, 1998) . Again we limit this analysis to the pebble-and cobble-dominated portion of the stratigraphic section which is analyzed: (1) as a whole; (2) for Units 2 and 4 together; and (3) for Units 1 and 3 together (Table 4 ; see Reboulet, 2003 for additional detail). Also, in order to increase upward transition frequencies to ≥5 (Miall, 1973; Davis, 1986) , we reduce the number of possible states (i.e., lithotypes) from fi ve to four by combining S and F lithotypes. After making this grouping, only one type of upward transition (SF to B) has less than fi ve occurrences (Table 4) . Transition probability-Markov chain analysis indicates that vertical transitions between lithotypes (as a four-state system) in both the pebble-and cobble-dominated section as a whole and in Units 2 and 4 are not random (i.e., the χ 2 test statistic exceeds the critical χ 2 statistic). In particular, information in the χ 2 test matrix (Table 4) indicates that fi ning-upward transitions are far more common among the relatively uncommon B to SF (i.e., sand-or matrix-dominated) lithotypes than would occur at random. In contrast to Units 2 and 4, vertical transitions in Units 1 and 3 are random by default because only two states (frameworkgravel-dominated lithotypes M and C) are present in these units.
POROSITY AND LITHOTYPE OR GSD
In this section, we consider information about porosity and lithotype or GSD together. A given sampled volume from the formation consists of both a solid-volume fraction (quantitatively described by the GSD) and a void-volume fraction (quantitatively described by porosity). Minimal error is introduced by treating GSD results from weight measurements as equivalent solidvolume-fraction proportions by size class because the source material for the full section of coarse fl uvial sediments at the BHRS is compositionally quite similar , and there is little density variation between solid fractions of samples or between size classes within samples (Reboulet, 2003) . Two samples with the same GSD may have different porosities by being more tightly or loosely packed. This physical and sedimentological information is not available unless porosity information is included with lithotype or GSD data. With this in mind, fi rst we test for differences between porosity statistics (Table DR3 , see footnote 1) of frameworkgravel-dominated lithotypes (M and C) in the four pebble-and cobble-dominated units. The analysis is restricted to M and C lithotypes because they comprise >90% of Units 1-4, and because the sand-or matrix-dominated lithotypes are absent from Units 1 and 3. Then we examine several kinds of lithologic logs, with and without the inclusion of porosity information, to see if stratigraphic subdivisions and sedimentary features are evident.
Porosity and Framework-GravelDominated Lithotype by Unit
ANOVA was run individually for M lithotype samples and for C lithotype samples to test if the apparent differences between the means of porosity for individual lithotypes in different units (Table DR3) are statistically signifi cant. Not surprisingly, differences for each lithotype between at least two units are signifi cant at the 95% level. Results from post-hoc paired-comparison tests indicate that: (1) porosity means are signifi cantly different in all vertically adjacent unit pairs for M and C lithotypes; (2) porosity means of M and C lithotype samples in Units 1 and 3 are similar; but (3) porosity means of M and C lithotype samples in Units 2 and 4 are statistically different at the 95% level despite their apparent similarity (Table DR3) .
Including Porosity with GSD Information in Lithology Logs
Although vertically adjacent pebble-and cobble-dominated units at the BHRS can be distinguished by proportions of lithotypes (Table 3) , it is not clear from observations of lithotype logs alone where to locate unit contacts. Figure 10 shows a lithotype log, a porosity log, and quantitative volume-fraction logs (with and without porosity information) for well A1. Unit distinctions may be seen in the porosity log and in the volume-fraction log that include porosity (i.e., Units 1 and 3 have porosity <~0.20, Units 2 and 4 have porosity between ~0.20 and 0.35, and Unit 5 has porosity >0.35), but not in the lithotype log or the volume-fraction log that do not include porosity and where the two framework-gravel-dominated lithotypes are the vast majority of lithotypes (Fig. 10) .
The volume-fraction logs also provide the opportunity to observe coarsening-upward or fi ning-upward textural trends within the pebble-and cobble-dominated portions of the section. We identify such trends where at least the coarsest fraction of three or more successive samples increases or decreases progressively (Fig. 10) ; these trends are not evident from the lithotype log alone. Some such sequences may be random variation and so we give more credibility to thicker sequences, sequences with the same textural trend in the smaller coarse solid-volume fraction component (>9.525 to <40 mm), and also sequences that occur at similar stratigraphic and elevation intervals in adjacent wells. Coarsening-upward sequences are more common than fi ning-upward sequences, and either type of sequence is more common in Units 2 and 4 than in Units 1 and 3. Also we note that continuous sequences of coarsening-upward texture followed by fi ning-upward texture occur, but the reverse has not been observed. Overlap of coarsening-upward and fi ning-upward sequences with unit contacts based on porosity logs (Fig. 10) indicates that some of these contacts are not exactly located from a sedimentological perspective. 
DISCUSSION
In this part of the paper, we consider the following three interpretive issues: sample representativeness; defi nition of lithotypes from GSDs; and sedimentary meaning of porosity stratigraphic units.
Sample Representativeness
We acknowledge that, in the lateral dimension, core samples are signifi cantly smaller than the lateral scale of local variation within or between facies, and indeed the core diameter is smaller than many individual grains. With bias due to small or truncated sample size occurring especially at the large-grain tail (Ferguson and Paola, 1997) , few C lithotype samples would be misidentifi ed (C lithotype is the most abundant at the BHRS), but the GSD shape (Fig. 8) generally will be biased. Even so, Mosley and Tindale (1985) report that unbiased estimates of the mean grain size of coarse fl uvial deposits may be obtained from samples where the largest grain is <5% of total sample weight-so degree of bias should be reduced in samples of lithotypes other than the C lithotype.
In the vertical dimension, however, the spatial scale of variation within facies in coarse braided-stream deposits commonly is on the order of decimeters ( Fig. 2 ; see also Bluck, 1979; Fraser, 1982; Steel and Thompson, 1983; Nemec and Steel, 1984; Thomas et al., 1985; Dawson and Bryant, 1987; Todd, 1989) . This scale is comparable to average continuous thicknesses of lithotypes at the BHRS as determined from core samples (Reboulet, 2003) .
Defi nition of Lithotypes from GSDs
GSDs from BHRS core samples are similar to those of samples from Boise area quarry and outcrop exposures (Reboulet, 2003) and to published GSDs from other coarse fl uvial deposits, including braided-stream deposits (cf. Fig. 12 in Eynon and Walker, 1974; Fig. 7 and data table in Lord and Kehew, 1985; Fig. 2 in Shih and Komar, 1990; Fig. 5.3 in Komar and Shih, 1992; Figs. 12 and 13 in Wyzga, 1993) . Also, the fi ve lithotypes from groupings of GSDs from core at the BHRS are similar to lithotypes identifi ed in samples from quarries in the upper Rhine Valley (e.g., Fig. 3 .2 in Heinz, 2001 ). Still we acknowledge that the number of lithotypes and the boundaries between them are somewhat arbitrary, as is, for example, the placement of the boundary between sandy silt and silty sand.
The question may arise as to whether there are subtle but signifi cant differences in portions of the grain-size spectrum that lie within the grain-size groupings that were used to defi ne lithotypes M and/or C ( Fig. 9 ; Table DR2 , see footnote one). Such differences might be expected if, say, Units 1 and 3 were deposited from sediment-water mixes that were proportionally richer in matrix grain sizes relative to Units 2 and 4, and might thereby defi ne important second-order lithotype differences. Examination by inspection and by applying multi variate statistical tests (MANOVA [e.g., Johnson and Wichern, 1998 ]) that analyze whether complete GSDs using all ten size classes (rather than three groups of size classes) of either M or C lithotypes in Units 1 and 3 are different from complete GSDs for M or C lithotypes in Units 2 and 4 indicate that differences are minor and that these differences do not appear to have sedimentary signifi cance (Table DR4 , see footnote one). That is, there is no systematic relative loading or depletion of portions of the grain-size spectrum in either M or C in Units 1 and 3 relative to Units 2 and 4. Here we note also that a sixth lithotype, openwork (i.e., gravels without matrix), has been observed in outcrops and quarries in the Boise area and in the well-studied outcrops and quarries in Switzerland and Germany, commonly in association with bimodal lithotypes (Jussel, 1989; Seigenthaler and Huggenberger, 1993; Klingbeil et al., 1999; Heinz, 2001) . It is possible that some openwork lithotypes have gone unrecognized or that such lithotypes occur at the BHRS but have not been intercepted in wells there. Either scenario is not necessarily surprising because the volume proportion of openwork lithotype is small in these deposits (e.g., <3% in upper Rhine Valley quarries; see Jussel et al., 1994) .
Limited Sedimentological Interpretation of Porosity Stratigraphic Units
We can identify the presence and characteristics of different porosity stratigraphic units with data from porosity logs and/or GSDs of core (Table 5; Figs. 3 and 10), but lacking direct observations of features such as sedimentary structures, grain orientation, or contact locations and relationships, we do not identify facies with these units. However, because all four pebbleand cobble-dominated units are largely composed of the two framework-gravel-dominated lithotypes (M and C), and because there are no apparent enrichment or depletion trends within the GSDs of either of these lithotypes in Units 1 and 3 compared with Units 2 and 4, then porosity and core texture data together provide strong evidence for unit distinctions based on packing. From a process perspective, it is diffi cult to imagine a post-depositional geologic mechanism for uniformly increasing or decreasing the packing density of both framework and matrix grains in alternating units several meters thick. So, it is reasonable to interpret that the observed packing differences associated with Units 1 and 3 compared with Units 2 and 4 are related to different sedimentary processes that produce different bedforms or grain fabrics, perhaps under different bedload transport rates. Efforts are under way to use geophysical imaging methods to resolve internal structure within the porosity stratigraphic units to help determine the identity of these different types of units.
SUMMARY AND CONCLUSIONS
1. Based on visual correlation of porosity logs and supporting evidence from several geophysical methods, fi ve stratigraphic units have been identifi ed in 18-21-m-thick coarse fl uvial deposits at the Boise Hydrogeophysical Research Site. The youngest unit (Unit 5) is a channel sand identifi able directly in core. Units 1-4 are pebble-and cobble-dominated and are identifi ed in the porosity logs as having relatively greater or lesser porosity magnitude and variability.
2. Unit distinctions based on porosity logs are supported with results from ANOVA analyses on porosity-log values (both spatially correlated and uncorrelated populations), and on differences in vertical porosity geostatistics between units. Units 1 and 3 (low porosity, low porosity variance) have similar porosity means and have similar vertical geostatistics; Units 2 and 4 (higher porosity and porosity variance) have similar porosity means but different vertical geostatistical structure.
3. Core samples may be subdivided into fi ve lithotypes using proportions of size-class groupings from GSD analyses. Large grains are under-represented; this bias likely affects the shape of GSDs of the C lithotype (i.e., large gravel or cobble-dominated framework grains) but likely does not greatly affect the identifi cation of lithotypes from GSD analyses.
4. Thickness proportions of lithotypes are different between pebble-and cobble-dominated units based on χ 2 analysis. Units 1 and 3 solely consist of framework-gravel-dominated lithotypes M and C. Units 2 and 4 largely consist of framework-gravel-dominated lithotypes M and C, but also include sand-or matrix-dominated lithotypes S, F, and B.
5. Transition probability analysis with the embedded Markov chain method indicates that Units 2 and 4 have structured vertical transition probability (largely due to upwardfi ning sequences in sand-or matrix-dominated lithotypes). Units 1 and 3 have random transitions between the two lithotypes M and C.
6. Porosity differences for frameworkgravel-dominated lithotypes M and C are signifi cant between vertically adjacent units, indicating that similar GSDs are packed more densely in low-porosity Units 1 and 3 than in the higher porosity Units 2 and 4, although no systematic relative loading or depletion of portions of the grain-size spectrum is apparent in either M or C lithotypes in Units 1 and 3 relative to Units 2 and 4.
7. Unit differences are not readily apparent from visual examination of lithotype or GSD logs. Units are more recognizable in GSD logs that are normalized for void-volume fraction (i.e., porosity) in addition to solid-volume fraction. Lithologic log interpretation (e.g., apparent fi ning-upward and coarsening-upward sequences) suggests that the particular location of contacts between the porosity stratigraphic units may not be fully accurate from a sedimentological perspective.
8. Considering the repeated stratigraphic occurrence of, and the statistical signifi cance of differences between, the two types of porosity stratigraphic units, both the individual unit distinctions and the two unit groupings appear to be valid. Lacking direct observations of sedimentary structures, grain orientation, or contact locations and relationships, we do not identify facies with these units. However, it is reasonable to interpret that the observed packing differences associated with Units 1 and 3 compared with Units 2 and 4 are related to different sedimentary processes that produced different bedforms or grain fabrics, perhaps under different bedload transport rates. 
